A short overview is presented on measurements of phase evolution and temporal behavior of electrons in mesoscopic systems. Since ubiquitous conductance measurements provide only limited information about a system (its transmission coefficient), the complex values of all elements of the scattering matrix (transmission and reflection amplitudes), measured via interference experiments, might shed more light on systems (in particular interacting systems) properties. In addition temporal measurements will support our understanding of correlation among the electrons and their dwell times in different systems. These properties are expected to be manifested in observed spectral peaks and a m o a e d behavior of quantum shot noise.
With the realization of the semiconductor heterojunction (in particular the GaAs-AlGaAs system) a direct observation of ballistic transport in semiconductors became a reality [ 13. Selective doping of the heterojunction enabled extremely long mean free path (mfp) of 2D cold electrons in the plane (namely, 2DEG at a very low temperature and low excess energy above the Fermi energy). The ballistic electrons (or holes) exhibit fascinating properties : their direction is k e d allowing treating them as rays of light; their energy and momentum are pre determined, thus they can be used for spectroscopy; their velocity is high making them attractive for practical devices; they can be directed by magnetic fields; they lead to a conductance which is quantized [2] , and most importantly, they are coherent and can interfere. Even if the dwell time of electrons in the system is longer than the elastic time for scattering but still shorter than the inelastic time (diffusive regime), electrons still posses their deterministic phase behavior and interfere. Such systems, where interference effects are dominant, are called mesoscopic systems.
Most of electronic transport characterizations rely on conductance measurements. The modern treatment of conductance makes use of the "Landauer formula" [3] , that views the conductance in light of a scattering experiment. With a transmission amplitude t -coming from the left, for a single channel connecting the system to in and out reservoirs, the two terminal conductance G = (2e2/h)l t I' conceals all phase information of t. Moreover, for a complete description of the system the reflection amplitude, rcoming from the left, and t', r' -coming from the right, are necessary too. However, surprisingly, the ubiquitous, and rather simple, DC conductance measurements, namely, measuring the transmission coefficient I t 1 2 , has been thus far sufficient to analyze most of the mesoscopic systems. The question I wish to pose now is: provided we can measure the various scattering amplitudes (magnitude and phase); can we learn more about a coherent system? Can phase reveal system properties that are impossible, in principle, to reveal via conductance measurements?
In principle the accumulated phase of a propagating particle, along some trajectory, is related to the quantum state (wave function) of the environment with which it interacts (one example is the Berry phase [4] ). This makes the phase, at least in principle, a mirror of the evolving wave function of the interacting system. The wave function of the particle itself, in turn, evolves with time too, and thus its phase contains information on time delay (or the dwell time) along the trajectory. Adopting Bohm's approach [SI, we can write
where E is the energy. Even though the exact interpretation of the dwell time is controversial, measuring the phase as a function of energy in a system where this time is well known and comparing it with other systems under test (e.g. a tunnel barrier), might give a clue to this, thus far inaccessible, quantity.
In the past two years we have developed a family of different interference experiments in order, first, to determine unambiguously that a system is indeed coherent and second, to measure its scattering amplitudes. Determining the coherency of a system is not a trivial matter, and to this fact one could attest by looking, for example, at the mound of (contradicting) publications in the past ten years on the determination of coherency (or incoherency) of resonant tunnelling (RT) structures. However, a two paths interference experiment with a RT structure embedded along one of the paths can provide a definite answer to this question. I discuss here briefly measurements utilizing the RT structure, as an example, since this is the only test system studied methodically thus far, but I wish to stress that these techniques are applicable for many mesoscopic systems.
First, on the technique of measurement. The method, in its simplest form, is based on two interfering paths. A quantum point contact (QPC) injector in a 2DEG is used to inject quasi monochromatic electron beam in the forward direction, with a very long coherence length, which in turn is allowed to pass through two slits. On the other side of the two slits there is a QPC collector, capable of measuring some of the emerging electrons from the two slits. The device under study (a RT device in our case) is being embedded in one slit so that one path has to traverse it and thus accumulate excess phase, relative to the other path, due to the device. For reasons that will be clear soon I will describe in some detail the interference structure (see Fig. 1 ). It is composed of four different regions: emitter, the 
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with Gc the conductance of the collector QPC. The transmission probability from emitter to collector, TcE, in turn, will have an interference term of the two paths TCE = I tCE-slit + tCE-slit 212 and the phase of the oscillating part is identical (up to a constant) with the phase of the transmission amplitude of the system under study (located along one of the paths) [6, 71. In practice such measurement is very difficult due to the small detected signal (only a small part of the injected electrons arrive at the slits and a small fraction of them arrive at the collector). Note that this is a true two paths interference experiment since all the reflected electrons are being collected by the base contacts and do not contribute to the interference signal.
A modification of this experiment, designed to improve the signal to noise ratio, utilizes as an interferometer an Aharonov-Bohm (AB) ring. The device under test is embedded in one of the ring's arms. This interferometer has only two terminals and thus all the injected electrons are being collected, increasing the measured signal. Instead of only two paths interfering, as before, there are many interfering paths, counting the multiple reflections due to the input and output ports, that traverse the arms back and forth. The sum of all these interfering paths leads to the well known Onsager relation, applicable to a two terminal measurement: tEC(B) = tCE(-B), with B the magnetic field. Due to conservation of current we find that the conductance is symPhysica Scripta T68 metric: GEJB) = GEJ-B). This simple resultfixes the phase of the periodic oscillation (up to modulus a), preventing a direct measurement of the accumulated phase in one of the arms but allows monitoring only large phase changes in the test system embedded along one of the arms (that leads to a phase flip of a in the conductance) [8] .
A further moacation of the interferometer, leading to a large signal but without the phase rigidity, is achieved by applying a large magnetic field and guiding the electrons in edge channels [SI. Without delving into details one measures in this experiment, two terminally, edge states interfering along the inner or outer perimeter of a disk -while being reflected from or transmitted through the a system being placed on the path of the interfering edge channel. Onsager relations are not constraining us at high magnetic fields since the interferometer acts as a different system near B = 0 and the period of the oscillations is not constant over such a large range of B. Note, however, that phase measurements are done at high magnetic field, namely in the quantum Hall regime, and thus might not necessarily lead to the same result as without magnetic field.
With these novel methods, and possibly different ones, we are armed now with tools to measure coherency and the complex amplitudes of coherent system's scattering matrix.
A few sentences on the appropriate medium for interacting electrons. Experiments, such as weak localization, conductance fluctuations, AB effect, two slit interference, etc., indeed found that electrons in mesoscopic systems interfere, as long as their temperature (or excess energy) is very low. However, when the electrons are accelerated and their energy increases their phase coherence time (or length) rapidly decreases, mostly due to e-e scattering events [lo] . This major obstacle allows coherent processes to take place only at very low temperatures and when injection energies are very small. A possible avenue to overcome this limitation is to inject electrons into undoped materials and thus to avoid the e-e interactions [ 113.
An example of a system where phase information seems to be important is a strongly interacting RT structure in the form of a quantum dot (QD) [6, 81. Our interferometer was used to show, for the first time, that transport through the QD has a strong coherent component (even for very long dwell times). It is then expected, in the non interacting model, that the transmission amplitude through the QD will have a Lorentzian line shape (Breit-Wigner) as a function of energy around the resonance. The phase is expected to change smoothly by a from one side of the resonance to the other, on the scale of the resonance width or k B T , whichever is larger. This was indeed measured satisfactorily showing that the strong interactions in the dot have no effect on this behavior. However, when the phase was compared between sequential resonance peaks (where the QD was blockaded) or looked at in between the peaks, we find two surprises (see Fig. 2 ): The first was that there is no phase diference between the peaks. This is surprising and not understood. Recall that each new peak represents actually a different dot, making the simple non interacting model inadequate; why should the phase in all peaks be locked? The second surprise is an observed sharp jump in the phase between two adjacent peaks (from a back to 0). W h y is this change so abrupt and is not taking place on the scale of the temperature or the line width? And why does it happen between Coulomb peaks, when nothing is expected to occur? Is this a finger print of the interacting electrons in the dot? Even though interacting systems are extremely interesting I wish also to describe another example of phase measurement in an apparently trivial and non interacting system. It is the measurement of the accumulated phase under a biased metallic gate, deposited above a 2DEG (thus serving as a capacitor plate), measured by a two paths interferometer. Even in this seemingly simple structure, where one expects the interference signal to vary as sin 8, where 8 is the accumulated phase under the gate, related to the gate voltage via a simple relation, we have observed an astonishing behavior like: a sin 8 + b sin (8/2) [7] . This suggests that an additional process with half the rate of phase accumulation takes place as a function of gate voltage. However, the AB oscillation period, for a fixed gate voltage, is found to be the "normal" flux quantum h/e. Since no geometrical, real space or phase space effects were found (after thorough tests) to be responsible for this half frequency, it is difficult to conceive the reason for the new frequency in such an apparently simple system.
Because understanding interacting systems is most challenging one can envision experiments of scattering electrons off such systems, later to interfere; or having a quasi particle in such a system itself participate in an interference experiment. A natural candidate for such interference measurements is the superconductor-semiconductor junction. Such experiments might directly reveal the phase of an Andreev reflected particle from the super-semi interface back into the semiconductor [12] . Another example is the scattering off a magnetic impurity and interfering. This might revel interesting phase shifts due to the many body Kondo effect. And what about tunnelling very close to the Fermi level in a degenerate semiconductor and interfering? Such an experiment can give a "phase print" of the Fermi edge singularity. And a last example is that of a reflecting electron from a boundary with a medium in the fractional quantum Hall regime, later to interfere. It is expected that as more systems will be looked at, even such as collective excitations, e.g., plasmons or phonons, the measured phase will provide additional and possibly complementary information to that we learn from the transmission alone.
Before moving to the next subject it is worth mentioning a rather "practical" aspect of the phase. In connecting coherent elements in parallel Ohm's and Kirchhoff s laws are not valid (even in DC); one has to add first the complex amplitudes (magnitude and phase) of the transmissions and then square the absolute value in order to calculate the total conductance (if all reflections can be ignored).
We dealt thus far with wave properties of electrons, however, measuring the linear conductance of a system hides also another important feature : the temporal sequence of moving electrons. Due to the electrons' graininess or particle behavior, current fluctuates and flows in bursts, having a wide spectrum of frequencies making up the spectral density of the current. Hence, measuring these fluctuations in time, usually in the frequency domain, called shot noise, might teach us the temporal behavior of electrons in a system. It turns out that if electrons travel independently and in uncorrelated fashion through a mesoscopic system, the spectral density will be wide band, almost white. The high cutoff frequency is then determined by the smallest of the two: the inverse quantum time eV/h where V is the applied voltage, or by l/At, where At is the dwell time of the electron in the system. As an example, for a small applied voltage of 0.1 mV at zero temperature and short travel distances, the cutoff frequency is around 20GHz. The low ("zero") frequency spectral density S(v = 0) = (i'), where i is the fluctuations amplitude and ( ) is the time or ensemble average, is determined by the different scattering mechanisms in the system, the temperature and the number of propagating channels [13] .
The simplest mesoscopic device is a quasi 1D wire formed by a single channel ballistic QPC. It is predicted that for a constant voltage I/, applied to the reservoir connected to the QPC and at OK, the shot noise is proportional to T ( l -T), where T is the transmission coefficient through the QPC [14] . When T = 1, a fully transmitting channel, there will not be any noise! One way to look at this is by utilizing the wave packet picture. Then, the electrons will move in an ordered fashion with a wave packet width in time h/eV equals to the time between adjacent wave packets ell. From here one gets immediately the quantum conductance I/V = e2/h. When the channel is almost closed, T 4 1, the low frequency spectral density for the same DC current I is maximized and is 2Ie; the known expression for classical shot noise [l2]. Recent experimental results of the shot noise in a QPC confirmed the above predictions (see Fig. 3 
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Shot noise measurements in mesoscopic systems is still a virgin field, blessed with a substantial body of theoretical work but lacking experimental verifications. Some basic questions still remain unanswered and it is not clear whether the community is aware of the relevant questions and understands the possibilities offered by such measurements. For example, interactions among the electrons has been for the most part neglected thus far theoretically. Naively, one would expect that electron correlation should Physica Scripta T68 ~151. be enhanced (due to the mutual electronic repulsion), leading to a lower conductance, a spectral peak at IDc/e and to a suppression of the low frequency shot noise. Some of the results of Reznikov et al. [13] might suggest such an effect in a pinched off QPC, but this is still far from being obvious. Such a spectral peak might be a strong character of a strongly interacting 1D conductor (which is difficult to characterize by any other means). In its simplest form electrons' interaction was treated in long samples with length greater than the e -e scattering length but smaller than e -ph scattering length (lee < L < l,-ph) ' Assuming then that the interaction among the electrons can be characterized by an electron temperature (no heat flows to the phonon bath that are at zero temperature) one predicts a suppression of low frequency shot noise to ($/4) * 21e [ 161. When interactions are being removed by shortening the sample's length but still keeping it larger than the elastic scattering length, lelas < L < I, , , namely, e-e interactions are neglected, one gets a larger noise suppression with low frequency shot noise (1/3) 2Ie. Note that the same reduction is found for sample length greater or smaller than the phase breaking length [17, 181 , even though the systems are very different in these regimes (classical like or coherentmesoscopic like, respectively). Such noise reduction, for systems longer than the phase breaking length, was recently demonstrated with thin Ag wires of different lengths [19] . For long samples, 4 L, the electrons are cooled by the phonon bath, their effective temperature drops and shot noise diminishes. As discussed above both the "zero frequency" spectral density and the full spectrum reveal complementary information about a system: Observing suppression of the low frequency spectral density, which is the easier experiment, might be caused by many mechanisms (e.g., T(l -T) in a ballistic system, (1/3)2Ie in a diffusive system; (&4) 21e in a system with e-e scattering and strong suppression in a very large system with e-ph scattering), hence, the full spectrum of the noise might play an important role in underPhysica Scripta T68 standing the system. However, unfortunately, no much attention has been devoted to the spectrum in the theoretical literature. A few examples of shot noise in strongly interacting systems might be illuminating. Take the Coulomb Blockaded QD: electrons strongly interact in the QD (leading to a charging energy e2/C). What are the temporal fluctuations in the tunnelling current? It is expected, and indeed observed [20] , that strong correlation leads to temporal order when the charge in the Q D is fluctuating and a large current is flowing; thus leading to a suppression in the low frequencies spectral density. At the same time a clear indication of such correlation would be manifested by a high frequency, possibly broad, peak at I/e; not measured thus far. The second example deals with measurement of charge. Interactions sometimes lead to a quantized resistance (such as in the fractional QH regime); this can be also interpreted to result from the conduction of quasi particles with an effective charge e*. At OK all states are filled and current carried by e* is noiseless. However, injecting these quasi charges through a barrier with T 4 1 might result in a full blown "zero frequency" shot noise, 2Ie*. Measuring in such way e*, a fraction of the elementary charge, posses experimental and theoretical challenges. One has to make sure that the noise spectrum is indeed classical-like, otherwise the apparent suppression at low frequencies (by the ratio of e*/e) could be due to reasons related to density of states or statistics (as discussed above). Since the need for small probability of transfer (T 4 1) can be achieved by going through a barrier (in most cases with energy just below its peak height), the main question that still remains is whether the quasi particles can be defined (even conceptually) in the barrier region (since there are no interactions in the barrier). And, when e* tunnels through such barrier, from one interacting medium to another, is it possible to have in on medium a total charge of N,e + e* and in the other N,e-e* (namely, not an integer number of electrons)? Another quasi particle, with charge 2e, is expected to flow in a junction between of normal metal (or semiconductor) and superconductor. A modified, larger, classical shot noise S(0)4Ie, is expected then to be measured.
It is clear I touched here only the tip of an iceberg. Due to lack of sufficient experimental results we still cannot appreciate the power of phase and temporal measurements. I hope that this short presentation will be a catalyst for much more work to come.
